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. At the moment, a large number of different gasification methods is developed 2, 3 , nevertheless, the problem of creating new technologies remains relevant. Experimental and theoretical modelling precedes the designing of gasification units and technologies.
In the recent years, the interest to mathematical modelling of different gasification processes increased [4] [5] [6] [7] [8] [9] [10] [11] . It is due to a need to study the processes before introducing the gasification technologies on an industrial scale. Whereas, we also should note the absence of calculation methods for the gasification of pulverized fuel in an upward jet-vortex flow of the oxidant.
It is a difficult task to create a numerical modelling of coal combustion and gasification processes, taking into account diffusion and chemical kinetics [12] [13] [14] . The main issues are the evaluation of the rate constants of homogenous and heterogeneous reactions, which occur during coal gasification, accounting for the impact of diffusion and other chemical factors, aerodynamics of gasification processes. The data of different researches contradicts [15] [16] [17] . The presented paper deals with the mathematical modelling results of the solid fuels gasification process in an upward jet-vortex flow in an annular channel. Features of this process and a device for its implementation have been examined in detail previously 18, 19 . Method for gasifying solid fuel in the upward annular flow.
The following types of coal gasification in technical devices are singled out: gasification in a fixed bed, fluidized bed and in a flow. This method of gasification in an upward annular flow refers to the third type. A schematic diagram of the experimental unit with its detailed description was presented in 19 . In this unit, pulverized coal is fed into the inner cylinder chamber with a screw feeder, it moves inside this chamber vertically downwards under its own mass (gravity). In the bottom part of the gasifier, pulverized coal meets with a swirling air flow, the rate of which is greater than the hovering rate of solids, and then pulverized coal mixture moves upwards through the annular channel which is formed by the inner and outer cylindrical chambers.
The air is fed to the annular chamber of the gasifier, when heated up to the temperature of 600...900, which is sufficient to start the basic chemical reactions that occur during coal gasification. Water and nanomaterials can be injected into the heated air in front of the gasifier. The air flow is swirled by the axial vane swirler.
The gasification method in an upward flow has the following advantages in comparison with the other gasification method: a)
With small particle sizes, a large surface is formed, on which the heterogeneous chemical reactions occur; b)
Large vortex formation intensifies the gasification process; c)
The bigger the particles in an upward flow, the more time they remain in an annular chamber which has a positive effect on the efficiency of fuel use; d)
Flow swirling gives additional turbulence to the gas mixture and causes a horizontal sliding in addition to the vertical one between solid and gaseous phases, which intensifies the diffusion in heterogeneous chemical reactions.
Mathematical model
The mathematical model, presented below, describes the processes occurring during coal gasification in the upward annular flow. This model is static and one-dimensional with the parameters distributed along the vertical coordinate. Key assumptions adopted in the development of the mathematical model are presented in 19 .
A special feature of this model is vectormatrix representation of the main characteristics of the gasification process. This representation has at least the following advantages: a)
When identifying a new chemical reaction with a noticeable effect on the modelling result, it is easy to add this reaction to the existing ones, with all the computational processes remaining unchanged; b)
With the matrix representation it is quite easy to organize checks on different balance ratios, and it was done in the developed computer programme; c)
Debugging and testing of the programme becomes much easier, as shown by the experience in programming.
The following indices are the basis for the matrix representation of parameters: i -number of a chemical reaction, j -number of a component, which is involved in the energy and material balance in the gasification process. Information on chemical reactions and component, used in the presented variant of the mathematical model are presented in Table 1 .
The value N ij in Table 1 shows the number of moles of the j-th component, which reacted in the i-th reaction (N ij -negative value) and which are the products of the i-th reaction (N ij -positive value).
Kinetic equations, which determine the rates of heterogeneous and homogeneous reactions are the basis for mathematical models. To ensure uniformity, in this study the rate of heterogeneous reaction has the same dimension as the rate of homogeneous chemical reactions: kmol/m , the reaction is excluded from this process, I i =1-reaction is present. The I i indicator, which is introduced for research purposes, allows analysing the contribution of any reaction to the results of the solid fuels gasification processes.
Connection between the i reaction and the j component depending on (1) is presented in Table 2 .
For homogeneous reaction (i= 6…9) we wrote down the dependences, similar to the formula (1). Using the above parameters N ij and W i , we can write:
, i=0…i max , j=0… j max , ... Entry in the right part of the dependence (2) means multiplication element wise, i.å. the i, j-th element of the matrix is obtained by multiplying the i, j -th element of the N ij matrix by the i-th element of the W i vector.
Then, using the same multiplication element by element, we pass from the amount of substance in moles (2) to its mass in kilograms: s,Q i -heat effect of the i-th reaction, kJ/kmol; for the reactions i=0…5 -kmol of carbon; for the reactions i=6…7 -kmol of CO; for i=8 -kmol of Í 2 ; for i=9 -kmol of CO 4 .
The connection between the i and j indices for in the (6) formula is shown in Table 3 .
The main ratios in the developed mathematical model are regular differential equations that reflect the energy conservation law for one-dimensional stationary flow in an annular channel of the gasifier and the mass conservation law for the components, participating in chemical reactions (Table 1) .
In a vertical one-dimensional flow, an infinitely small element with the length of dz is distinguished (Fig. 1) .
The notation on ... (6) where dQ Σ -the total amount of heat, put into the multicomponent flow in a unit of time, kJ/ s; G mix -mass flow rate of the mixture, kg/s.
Note that the (6) dependence is written down without taking into account the change in kinetic and potential energy of the flow that was specified in the assumptions [12] . , ...(7) (7) - (9) dependence in the (6) formula, we obtain the following energy equation for the one-dimensional stationary flow of a multicomponent mixture:
... (10) The mass rate of the mixture in the (10) energy equation for the studies stationary flow does not depend on the z coordinate: . The mass balance of the j-th component for the one-dimensional stationary flow between the z and z + dz cross sections (Fig. 1) can be written as: or , ... (11) where -formation rate (plus) and disappearance rate (minus) of the j-th component in a volume unit, is determined by the (4) dependence.
... (12) where p j μ -expendable concentration of the j-th component, kg/m³; w -rate of the flow (gas) in the direction of the z coordinate, m/s. , ... (13) The equation (13) means that for all the components, except for carbon and ash, the expendable and true concentrations are equal. For carbon and ash it was established that with (Table 1) The system of differential equation (10) and (14) is the basis for the mathematical model of coal gasification in the upward annular flow.
Computer programme and computational experiment.
To solve this system, we developed a computer programme in the Ñ# language with 11500 lines. Two characteristic tabs of this programme are shown on Fig. 2 and Fig. 3 . Table 4 . During the analysis of the mathematical modelling results (Tables 5-7 , Fig. 4 ) it was established that the amount of useful components of the generator gas (CO, H 2 , CH 4 ) increases at higher temperatures: volume fractions of CO with 32.4 % at 700 ºC to 70.2 % at 1000 ºC; fraction of H 2 respectively from 3.5 % to 15.2 %; fraction of CH 4 increased from 0.1 % to 4.0 % (the excess air coefficient α =0.2), which is due an increase in the constants of the chemical reactions rate. Such constants also increase in the combustion (oxidation) reaction of CO, H 2 and CH 4 , and , but the rates of these reactions are limited by small oxygen concentration due to small amount of air.
The obtained dependence between the CO, H 2 and CH 4 volume fractions and the α excess air coefficient shows that with the constancy of temperatures the volume fractions of CO, H 2 and CH 4 decrease (Tables 5-7, Fig. 5 ). It is due to the increasing oxygen concentration and a consequent increasing rate of chemical combustion reaction of these components.
CONCLUSION
We presented a mathematical model of low-reactive coal gasification in the upward annular channel, based on differential equations of the energy and mass conservation for a multicomponent stationary flow. Gasification occurs in an air flow, it is possible to add water steam. The model uses matrixes and vectors to display main characteristic of gasification, which allows modifying it easily by adding new chemical reactions without changing main dependences of the model.
Based on the mathematical model, we developed a C# computer software with the volume of 11500 lines.
A computational experiment aimed at studying the effect of the generator gas in relation to the temperature in the gasifier and the excess air coefficient at the inlet.
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